The patterning and growth of a multicellular embryo is intrinsically linked to events at the cellular level that mediate intercellular communication, intracellular function and interaction of a cell with its extracellular environment. At the heart of generating complexity in cell type and architecture in the mature organism lies the capacity for precise temporal and spatial regulation of gene expression. This is to some extent controlled by the co-ordinated action of a handful of developmental signaling pathways whose actions are mediated by an array of secreted factors. These signaling factors fall into a number of families, including the hedgehog (Hh), Wnt, Notch, platelet derived growth factor (PDGF), fibroblast growth factor (FGF) and transforming growth factor-b (TGFb) families. While these pathways are considered to be the master regulators of embryonic development, their precise action is linked to a host of cellular functions that allow co-ordinated uptake, secretion and movement of proteins to appropriate locations within the cell.
Introduction
The patterning and growth of a multicellular embryo is intrinsically linked to events at the cellular level that mediate intercellular communication, intracellular function and interaction of a cell with its extracellular environment. At the heart of generating complexity in cell type and architecture in the mature organism lies the capacity for precise temporal and spatial regulation of gene expression. This is to some extent controlled by the co-ordinated action of a handful of developmental signaling pathways whose actions are mediated by an array of secreted factors. These signaling factors fall into a number of families, including the hedgehog (Hh), Wnt, Notch, platelet derived growth factor (PDGF), fibroblast growth factor (FGF) and transforming growth factor-b (TGFb) families. While these pathways are considered to be the master regulators of embryonic development, their precise action is linked to a host of cellular functions that allow co-ordinated uptake, secretion and movement of proteins to appropriate locations within the cell.
Over the past decade, findings from phenotype-driven screens in model organisms and human genetic studies have shed light on the importance of trafficking networks in embryogenesis. These studies have revealed that disruption of molecules controlling intracellular trafficking and organelle biogenesis often leads to very specific developmental 0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.01.007 phenotypes, suggestive of effects on distinct signaling pathways. One striking example to emerge in recent times is the discovery that mutations in components regulating the formation and stability of the primary cilium lead to disruption of developmental pathways, most notably hedgehog signaling (Huangfu et al., 2003) . Combined with roles for vesicular transport proteins and intracellular sterol levels in regulating hedgehog signaling, this points to a key function for intracellular trafficking in mediating embryogenesis through regulation of this pivotal pathway. Here we review the role of trafficking events in regulating various aspects of hedgehog signaling, with a particular focus on data linking the primary cilium, Rab GTPases and lipids to this pathway.
2.
The core hedgehog signaling pathway
The hedgehog signaling pathway is pivotal to the development of most vertebrate organs and tissues, and has been implicated in birth defects and a multitude of tumour types (McMahon et al., 2003; Riobo and Manning, 2007; Wang et al., 2007) . Briefly, Hh ligand precursors, of which sonic hedgehog (Shh) is the most widespread, are autocatalytically processed from a 45 kD form to a 19 kD lipidated protein that is secreted by cells into the extracellular matrix. Secreted Hh carries two covalent lipid modifications, a palmitoyl acid at the N-terminus (Pepinsky et al., 1998 ) and a C-terminal cholesterol moiety (Porter et al., 1996) . The secreted ligand binds to the receptor Patched (Ptch), thus relieving repression of the seven-pass transmembrane protein Smoothened (Smo). Smo then signals in turn to a cytoplasmic transduction cascade that ultimately regulates the Gli family of zinc finger transcription factors. There are three members of the Gli family in vertebrates, with Gli1 and Gli2 acting primarily as transcriptional activators. Gli3 exists in two forms; a full-length form capable of activating transcription in some systems, and a truncated amino-terminal fragment that mediates the major role of Gli3 as a transcriptional repressor. Cleavage of Gli3 is inhibited by Shh and requires phosphorylation, binding to the ubiquitin ligase b-TrCP, and subsequent polyubiquitination and proteasome mediated processing (Wang et al., 2000; Wang and Li, 2006) . Gli2 is also processed to a truncated repressor form, although in this case processing is inefficient and interaction of phosphorylated Gli2 with b-TrCP leads primarily to degradation by the proteasome (Pan et al., 2006) . The differential processing and degradation of Gli2 and Gli3 by the proteasome is thought to be mediated by a specific domain in their C-terminus (Pan and Wang, 2007) .
In Drosophila the processing and localisation of the single Gli ortholog cubitus interruptus (Ci) is regulated by a complex including the kinesin related protein costal 2 (Cos2), the serine/threonine kinase fused (Fu) and suppressor-of-fused (Sufu) (Robbins et al., 1997; Stegman et al., 2000) . In the absence of Hh this complex both promotes Ci cleavage to a repressor form and tethers full-length Ci in the cytoplasm. Upon ligand binding Cos2 forms a complex with Smo at the plasma membrane, thus preventing Ci repressor formation (Jia et al., 2003; Ogden et al., 2003; Ruel et al., 2003) . Cos2 is also thought to play a role in converting full-length Ci into a full transcriptional activator.
While orthologs of these proteins exist in vertebrate systems, their mode of action is less clear. In Drosophila fused is essential for correct embryonic patterning (Preat et al., 1990) . However, while morpholino knockdown experiments in zebrafish reveal hedgehog related anomalies (Wolff et al., 2003) , mice null for Fu are viable and show no hedgehog related phenotypes (Chen et al., 2005) . In contrast, whereas Drosophila Sufu on its own is dispensable for development, mice null for Sufu display embryonic lethality due to a range of hedgehog related developmental anomalies (Cooper et al., 2005; Svard et al., 2006) . Cell-based studies suggest that mammalian Sufu acts in a similar manner to its Drosophila counterpart in negatively regulating hedgehog signaling through mediating nuclear entry of Gli1 (Kogerman et al., 1999) . Members of the kinesin family Kif7 and Kif27 have been proposed as the vertebrate orthologs of Cos2 (Katoh and Katoh, 2004a,b) , and morpholino knockdown of Kif7 in zebrafish results in hedgehog related phenotypes (Tay et al., 2005) . Whether all of these vertebrate proteins interact in an analogous way to the Drosophila complex is still the subject of some debate.
In recent times, an increasing number of additional molecules have been shown to regulate the activity and gradient of Hh. Some of these such as the cell surface hedgehog binding proteins cell adhesion molecule-related/down-regulated by oncogenes (Cdo) and brother of Cdo (Boc) have Drosophila counterparts that function in hedgehog signaling (Yao et al., 2006) . However, recent studies suggest that at least for Cdo, the mode of hedgehog binding is not conserved, with the vertebrate ShhN-Cdo interaction based on a novel calcium-binding site in Shh (McLellan et al., 2008) . Other known mediators of hedgehog signalling such as growth arrest specific 1 (Gas1), Scube2 (Hollway et al., 2006; Kawakami et al., 2005; Woods and Talbot, 2005) , hedgehog interacting protein (Hip) Kang et al., 2007; Martinelli and Fan, 2007; Ochi et al., 2006) and Rab23 (Eggenschwiler et al., 2006 (Eggenschwiler et al., , 2001 Evans et al., 2003) do not appear to be involved in the Drosophila pathway. These molecules, along with the involvement of primary cilia in vertebrate hedgehog signaling (to be discussed below), underscore the divergence of the vertebrate and Drosophila hedgehog pathways. A working model based on our current understanding of vertebrate hedgehog signaling is shown in Fig. 1 .
Rab 23 regulates hedgehog signaling
A major link between cellular trafficking processes and hedgehog signaling came with the demonstration that the mouse open brain (obp) phenotype results from a mutation in the Rab23 gene (Eggenschwiler et al., 2001) . Phenotypically opb mice resemble a partial loss of function of the hedgehog receptor Ptch. This is particularly obvious in the developing neural tube, but opb mice also exhibit defects in the limbs, somites and eyes (Eggenschwiler et al., 2001 ).
Rab23 is a member of the Rab family of small GTPases that control vesicular trafficking events (Zerial and McBride, 2001 ). The Rab proteins cycle between a GDP-bound cytosolic inactive form, and an active GTP-bound membrane-associated complex. This cycle is regulated by an array of regulatory molecules including guanine nucleotide exchange factors (GEFs) and guanine inhibitory factors (GIFs) (Alory and Balch, 2001; Olkkonen and Stenmark, 1997) . In their activated state, Rab proteins recruit a suite of effector molecules involved in vesicle formation, tethering of vesicles to their target membranes, membrane fusion steps and tethering of vesicles to the cytoskeleton (Grosshans et al., 2006) . In doing so they act as molecular switches to co-ordinate membrane trafficking events with exquisite spatiotemporal precision.
Rab23 is a cell autonomous negative regulator of vertebrate hedgehog signaling (Eggenschwiler et al., 2001) . Genetic studies in mice show that Rab23 acts downstream of Smo and upstream of Gli proteins (Eggenschwiler et al., 2006) . Cellbased studies have shown that Rab23-GFP co-localises with Ptch in endosomal compartments, but not with Smo (Evans et al., 2003) . However, expression of dominant-negative or dominant-active Rab23 constructs did not alter the distribution of either Ptch or Smo, supporting the genetic data showing that Rab23 acts downstream of these molecules in the regulation of hedgehog signaling. In the mouse neural tube Rab23 inhibits the formation of Gli2 activator, with a minor role in enhancing formation of Gli3 repressor (Eggenschwiler et al., 2006) . While these studies shed light on the steps in the hedgehog pathway regulated by Rab23, the exact cargo being transported has not been identified . With the discovery that cilia and the proteins involved in their assembly are required for hedgehog signaling (Huangfu et al., 2003) , it has been suggested that Rab23 may be involved in the transport of cilia components Yoshimura et al., 2007 ) (see below).
Recent studies in humans shed some light on the function of Rab23, and on the potential role of Hh signaling in previously unrecognised phenotypes. Individuals with Carpenter Syndrome harbour homozygous predicted loss of function mutations in Rab23 (Jenkins et al., 2007) . Carpenter syndrome is a rare autosomal recessive disorder characterised primarily by craniosynostosis, obesity and limb defects. While the limb defects are reminiscent of those seen with perturbation of hedgehog signaling, neither craniosynostosis or obesity are common hedgehog related phenotypes. These two phenotypes are not present in the opb mice but this is thought to be due to embryonic lethality. By contrast Carpenter Syndrome patients generally survive, allowing these phenotypes to be uncovered. Other genes known to be involved in the craniosynostosis phenotype include those encoding Twist and FGF receptors (El Ghouzzi et al., 1997; Howard et al., 1997; Nie et al., 2006) . Links between these genes and hedgehog signaling have been uncovered in a number of systems, supporting a possible role for the hedgehog cascade in cranial suture fusion. In the case of obesity, while not a major hedgehog related phenotype, in vitro studies have shown that Shh inhibits adipocyte differentiation or maturation in mouse (SpinellaJaegle et al., 2001; Zehentner et al., 2000) and human (Fontaine et al., 2008) cells. Furthermore, the demonstration that obesity is linked to intraflagellar transport (Davenport et al., 2007) provides further support for a link between Rab23, cilia, hedgehog signaling and obesity. However, it is possible that the obesity phenotype seen in Carpenter patients represents a hedgehog independent function of Rab23, and further elucidation of the role of Rab23 in association with the primary cilium will likely help to resolve this issue.
4.
Hedgehog signaling and cilia
The recent discovery that the primary cilium is required for vertebrate Shh signaling is an excellent example of an entire cellular architecture and trafficking system that when disrupted gives very specific developmental phenotypes. While this discovery has been reviewed extensively (Caspary and Anderson, 2006; Eggenschwiler and Anderson, 2007; Huangfu and Anderson, 2006; Oro, 2007; Wang et al., 2007) , new data demonstrate the relationship between transport complexes and the processing of developmental signals. Briefly, the primary cilium is a single microtubule based organelle that projects from the surface of virtually all non-dividing vertebrate cells and is normally non-motile. The centriole is localised to the plasma membrane of cells during interphase and this in turn organises microtubule projections into a structure called the axoneme, which is the core of the cilia. In primary cilia the axoneme consists of nine double microtubules (9+0 arrangement). This distinguishes them from motile cilia that have an additional central microtubule pair giving them a 9+2 arrangement. Motile cilia are confined to specialised cells such as epithelial cells of the respiratory tract, which tend to possess multiple cilia that together generate a flow of liquid. A distinct cilia type, nodal cilia, shares characteristics of both motile and primary cilia in that they move to create a leftward flow of liquid, but exist as a single cilium per cell. Nodal cilia are associated with a specialised transient embryonic structure called the node and are important in the establishment of left-right asymmetry in mammals (reviewed in Hirokawa et al., 2006) .
All of the components required for cilia assembly and function are transported into the cilia by the process of intraflagellar transport (IFT). This involves movement of protein particles up the cilial axoneme by attachment of the heterotrimeric motor kinesin-2 to the microtubule axoneme (Cole et al., 1998; Kozminski et al., 1995) . This anterograde traffic is balanced by retrograde trafficking down the microtubules mediated by a dynein motor (Pazour et al., 1998) . The retrograde pathway is responsible for the movement of molecules from the cilium into the cell body. Studies in Chlamydomonas reinhardtii and Caenorhabditis elegans have led to the classification of proteins involved in these pathways into IFT complex A or B, which primarily facilitate retrograde or anterograde transport respectively, although the role of complex A proteins may vary between different organisms (for review see Pedersen et al., 2008) .
Based primarily on unbiased phenotype-driven forward genetic screens in the mouse, it has been found that a number of cilia components are required for Shh signal transduction. In particular, several complex B IFT proteins, including IFT88/polaris and IFT172/wimple, are necessary for the Shh response and are required for both processing of the Gli transcription factors to repressor forms, and for conversion of full-length Gli proteins to potent transcriptional activators (Haycraft et al., 2005; Huangfu and Anderson, 2005; Huangfu et al., 2003; Liu et al., 2005) . Mutation in these genes, as well as in that encoding Kif3a, a subunit of the kinesin-2 anterograde IFT motor, lead to hedgehog related defects in neural tube patterning, as well as a multitude of other abnormalities (Huangfu et al., 2003) . In contrast, mutation in the THM1 complex A IFT protein results in activation of hedgehog signaling, while Gli3 is efficiently cleaved to its repressor form (Tran et al., 2008) . This suggests that while anterograde IFT is required for formation of Gli activators, this step is negatively modulated by retrograde transport (Tran et al., 2008) . However, it should be noted that mutants in the retrograde IFT motor Dync2h1 more closely resemble complex B mutants in showing no activation of hedgehog signaling (May et al., 2005) . Likewise, mice null for the complex A Ift122 protein show complex neural and limb phenotypes that suggest impaired hedgehog signaling due to defects in both Gli activators and repressors (Cortellino et al., 2009) . It is possible that the observed differences in hedgehog activation status relate in part to more complete (Dynch2h1, Ift122) versus partial (THM1) loss of retrograde transport in different mutants. Further analysis of these and additional IFT mutants should help clarify the role of complex A and B proteins in IFT, and shed further light on the distinct effects of retrograde and anterograde IFT on Gli activity and Hh regulation.
The examples discussed above illustrate the complex nature of the role of IFT and cilia in regulating hedgehog signaling, and the discovery of a number of additional cilia-related proteins that alter hedgehog activity is helping to unravel this puzzle (Caspary et al., 2007; Ferrante et al., 2006; Hoover et al., 2008; Houde et al., 2006; Ruiz-Perez et al., 2007) . Of particular interest in a trafficking sense is the mouse mutation hennin (Hnn) that disrupts Arl13b (Caspary et al., 2007) . Members of this family of proteins are known components of trafficking machinery, involved in coat complex recruitment. Hnn mutant cilia have structural defects, and a number of observations suggest that Arl13b is required for assembly and maintenance of the axoneme (Caspary et al., 2007) . Hnn mutants are characterised by normal processing and activity of the repressor form of the Gli3 protein. In contrast, low level Gli activators are present and act in an expanded domain in the neural tube, whereas cells requiring high levels of Gli activators are absent. It is therefore likely that the Hnn phenotype is due primarily to effects on Gli activators. These studies suggest that the formation of Gli repressors and activators are independently regulated, and Arl13b mutant cilia can regulate the former but not the latter. Analysis of mutants such Hnn/ Arl13b that affect cilia structure support the idea that, rather than simply concentrating hedgehog pathway components for efficient signaling, the primary cilium acts as a dynamic organelle to regulate essential steps in hedgehog signaling. The role of a number of key hedgehog and cilia related molecules in regulating Gli proteins is summarised in Fig. 2 .
The involvement of cilia in Shh signaling is further supported by the finding that major components of this pathway, including Ptch, Smo, Sufu and the unprocessed Gli proteins, localise to primary cilia (Corbit et shown to localise adjacent to the basal body in target neural progenitors during active hedgehog signaling (Chamberlain et al., 2008) . It has been proposed that primary cilia act as sensors of extracellular Shh and that Ptch localisation to the cilia inhibits signaling by excluding Smo (Rohatgi et al., 2007) . According to this model, activation of signaling upon ligand binding is achieved by simultaneous removal of Ptch and localisation of Smo to cilia, in a process apparently regulated by oxysterols (Fig. 1) . In addition, it has been shown that betaarrestins, which are required for endocytosis of Smo, mediate the interaction of Smo with the Kif3a kinesin motor protein, and thus regulate the localisation of Smo to primary cilia (Kovacs et al., 2008) . Beta-arrestin2 itself localises to the primary cilium in quiescent cells and is therefore likely to be involved in ciliogenesis (Molla-Herman et al., 2008) .
In addition to hedgehog signaling, cilia have also been shown to be involved in the regulation of a number of other developmental pathways, with PDGFRa signaling enhanced (Christensen et al., 2007; Schneider et al., 2005) , and canonical Wnt signaling restrained by primary cilia (Corbit et al., 2008) .
Cilia, trafficking and disease
While studies in mice and zebrafish have established a role for primary cilia in developmental signaling, clues as to the structure and function of cilia at the cellular level were triggered by findings in human disease. Most notably, the dysfunction of primary cilia is the underlying cause of BardetBiedl syndrome (BBS), and a number of other disorders, which have collectively been termed ciliopathies (Badano et al., 2006) .
BBS is a genetically heterogeneous and pleiotropic disorder characterised by loss of hearing and smell, retinal degeneration, polycystic kidney disease, nephropathy, polydactyly, diabetes and obesity. In total, 12 genes have been shown to be involved in BBS, but until recently the unifying molecular mechanism for the disease remained elusive. It has now been shown that seven of the BBS proteins exist in a stable complex (termed the BBSome), which localises at centriolar satellites and at the ciliary membrane, and is required for membrane trafficking to the cilium (Nachury et al., 2007) . Of the remaining proteins altered in BBS, all but one (the small GTPase ARL6) are likely to be mammalian specific regulators of the BBSome. The BBSome associates with a number of proteins including Rabin8, the Rab8GEF (Nachury et al., 2007) . A screen for Rab proteins involved in cilia formation has revealed that Rab8a (but not Rab8b) is the only Rab to localise to the primary cilium. Rab8a was further shown to bind specifically to Cenexin 3, a splice variant of the Cenexin basal body protein, which functions in microtubule organisation at the centriole (Yoshimura et al., 2007) . Only two other Rab proteins, Rab17 and Rab23, were shown to be essential for cilia formation but do not localise to cilia. Rab17 has been demonstrated to regulate transcytosis and apical recycling in polarised cells (Hunziker and Peters, 1998; Zacchi et al., 1998) . Yoshimura and colleagues propose that Rab8a delivers material to the cilia from a Rab17 positive endosomal compartment and also links the plasma membrane to cilia microtubules via cenexin 3, with Rab23 suggested to act in retrograde transport from the cilia (Yoshimura et al., 2007) . These data provide mechanistic insight into how Rab23 regulates hedgehog signaling, and further studies aimed at elucidating Rab23 cargo will establish if this function is mediated entirely through a general role in ciliogenesis, or as a more specific mediator of the hedgehog pathway.
Recent studies on a number of other human ciliopathies and related mouse models have provided further links between cilia and hedgehog signaling. A subset of patients with Joubert syndrome type B and Meckel syndrome have been shown to have mutations in the gene encoding the ciliary basal body protein RGRIP1L (Arts et al., 2007; Delous et al., 2007) . Joubert and Meckel syndromes are part of a group of genetically heterogeneous developmental disorders associated with ciliary dysfunction, whose characteristics variably include neural, retinal, limb and kidney defects. While the function of RGRIP1L is yet to be elucidated, it interacts with nephrocystin-4 (NPHP4) and co-localises with NPHP6, known ciliary proteins mutated in nephronophthisis, a renal disorder related to Joubert and Meckel syndromes. Analysis of mice with a targeted null mutation in the Ftm (Fused Toes Mouse) gene, encoding mouse RPGRIP1L, has revealed a connection between these disorders and hedgehog signaling . In addition to hedgehog related phenotypes in these mice, the ratio of Gli3 activator to repressor is altered, resulting in reduced hedgehog signaling. Ftm mutant embryos show fewer cilia in the node, limb buds and neural tube, but FtmÀ/À cells produce wild-type numbers of cilia in cul- Fig. 2 -Regulation of Gli proteins by key hedgehog and cilia related molecules. Of the three Gli proteins, Gli3 is cleaved to a functional repressor form. This cleavage is inhibited by Shh, requires the complex B IFT proteins, and the anterograde and retrograde motors, and is enhanced by Rab23. Conversion of full-length Gli proteins to potent activators involves a step that requires the complex B IFT proteins, and the anterograde and retrograde motors, but is negatively modulated by Rab23 and the complex A IFT protein THM1. The regulation of Gli activators by Arl13b is less straightforward. It appears to be necessary for formation of high level Gli2 activators, but low level activators are constitutively expressed in its absence. GliA * , activated Gli; GliFL, full-length Gli; GliR, truncated Gli repressor. Yellow bars represent zinc finger domains.
ture, albeit of increased length. This implies that Ftm/RGRIP1L is not required for cilia formation, but rather for optimal Shh signaling from cilia . These data suggest that the cause of the family of multi-system human disorders which includes Joubert and Meckel syndromes, is linked to defective cilia-based hedgehog signaling. Interestingly, another locus for Joubert syndrome has been shown to be due to mutations in ARL13B (Cantagrel et al., 2008) .
Recently, Beales and colleagues have taken a novel bioinformatics approach based on both clinical and cilia proteome data sets in an attempt to identify the underlying molecular basis of ciliopathies (Beales et al., 2007) . As a result they were able to show that the Jeune syndrome or asphyxiating thoracic dystrophy (JATD) locus on chromosome 3q24-3q26 encodes the intraflagellar transport protein IFT80. JATD is the first chondrodysplasia to be linked to primary cilia function and it is likely, although not yet proven, that these patients have defects in hedgehog signaling.
6.
Cilia and the cell cycle
The assembly and resorption of cilia are intricately regulated throughout the cell cycle, and this may provide further clues to regulation of hedgehog signaling by cilia. Most ciliated cells are in the G0 or quiescent phase of the cell cycle, although cells can assemble primary cilia in G1. Resorption normally occurs as cells enter mitosis, but this can also occur as cells emerge from quiescence, at the G1/S phase border (Quarmby and Parker, 2005; Tucker et al., 1979) . A HEF1/Aurora A cascade at the cilia controls the phosphorylation and activity of the histone deacetylase HDAC6, which in turn destabilises the cilia and leads to resorption (Pugacheva et al., 2007) . Aurora A regulates mitotic entry through Cdk1-cyclin B (Bischoff et al., 1998; Marumoto et al., 2005) , and HEF1 has a role both in regulating mitotic progression via interaction with Aurora A (Fashena et al., 2002; O'Neill et al., 2000) and also as a scaffolding molecule relaying signals from integrin-based focal adhesions (Pugacheva and Golemis, 2006) . In a number of systems Shh signaling regulates cell proliferation and cell cycle progression through effects on molecules such as cyclinD1, cyclinB, cyclinD2 and N-myc (Adolphe et al., 2004; Kenney et al., 2003; Mill et al., 2005; Oliver et al., 2003; Yu et al., 2006) . Conversely, regulation of the cell cycle through molecules like Aurora A will affect timing of cilia production and resorption, and thus the ability of the cell to respond to Shh. Since actively growing cells are known to be responsive to hedgehog signaling in a number of contexts, the mechanisms controlling the formation and resorption of cilia at different points throughout the cell cycle are likely to constitute an important regulatory step in the cell's responsiveness to morphogens such as hedgehog.
7.
The role of lipids in hedgehog spreading and signal transduction Overlying other aspects of hedgehog regulation is the involvement of lipids and their various trafficking functions in controlling signaling. As mentioned previously, active Hh is modified by both palmitate and cholesterol at its N and C-terminus respectively, and these modifications affect the affinity of Hh for cell membranes and hence its movement. The secretion of Hh requires the action of Dispatched (Disp), a 12-pass transmembrane protein with a sterol-sensing domain similar to that seen in Ptch (see below) (Burke et al., 1999; Ma et al., 2002) . The role of the cholesterol moiety in controlling Hh spread has been controversial in both Drosophila and vertebrate systems (Burke et al., 1999; Gallet et al., 2006; Lewis et al., 2001; Li et al., 2006) . However, careful analysis of each experimental system used has provided a unifying mechanism, whereby the cholesterol moiety controls gradient formation by limiting Hh dilution and preventing uncontrolled spreading (Guerrero and Chiang, 2007) . Clues to the mechanism by which this occurs have come from studies in Drosophila showing that lipoproteins are involved in morphogen trafficking, delivery and signaling (reviewed in Eaton, 2008; Willnow et al., 2007) .
Lipoproteins are spheres containing a core of neutral lipids such as cholesterol ester, triglycerides and fat-soluble vitamins. This core is surrounded by polar lipids and cholesterol and contains apoproteins, which are involved in the regulation of lipid transfer. In Drosophila, wingless (Wg) and Hh can be released from the plasma membrane bound to the lipoprotein particle Lipophorin, and this interaction is required for long-range signaling by these morphogens (Panakova et al., 2005) . The binding of Hh to lipoprotein particles is mediated by the attached cholesterol and palmitate moieties, and this binding likely facilitates the movement of Hh for long-range signaling. Drosophila Lipophorin interacts with heparan sulfate modifications of two glypicans, Dally and Dally-like in wing discs (Eugster et al., 2007) . Heparan sulfate proteoglycans (HSPGs) are known to mediate hedgehog signaling (Blair, 2005; Nybakken and Perrimon, 2002; Perrimon and Hacker, 2004) , and the authors of this latest study suggest that membrane-associated HSPGs can recruit and restrict lipid-linked Hh to receiving cells by binding lipoprotein particles bearing morphogens (Eugster et al., 2007) . Upon release from the membrane by cleavage of the glycosyl-phosphatidyl-inositol (GPI) anchor, Dally co-localises with Lipophorin, Ptch and Hh in endosomes. The released form of Dally increases the strength of Hh signaling without affecting spread (Eugster et al., 2007) . Dally-like has also been implicated in full-strength Hh signaling in Drosophila (Gallet et al., 2008) , although conversely the vertebrate Glypican-3 inhibits hedgehog signaling by competing with Ptch for Hh binding (Capurro et al., 2008) . It will be of interest to explore these issues more fully in vertebrates, and to determine if lipoprotein/HSPG mechanisms are involved in the recruitment of Hh to primary cilia or lead to receptor clustering on the cilia to trigger signaling or internalisation.
In addition to its function in regulating the secretion and spread of Hh, a number of factors point to a role for cholesterol in the receipt and transduction of the Hh signal. Notably, the Hh receptor Ptch shares homology across five of its 12 transmembrane domains with molecules known to be involved in cholesterol homeostasis, including the protein responsible for the lipid storage disorder Niemann-Pick C1 (Carstea et al., 1997) . This domain has been termed the sterol sensing domain (SSD), and is likely to play a role in regulating the transduction of the hedgehog signal.
It has been known for some time that reduced intracellular cholesterol attenuates the hedgehog response (Cooper et al., 2003) , and the steroidal alkaloid cyclopamine is a well established inhibitor of hedgehog signaling through direct binding to Smo (Chen et al., 2002; Incardona et al., 1998) . In addition, oxysterol derivatives of cholesterol activate hedgehog signaling in mouse medulloblastoma cells and in pluripotent mesenchymal cells (Corcoran and Scott, 2006; Dwyer et al., 2007) . This action of oxysterols is unlikely to be due to direct binding to Smo, but may involve indirect regulation of smoothened through effects on Ptch (Dwyer et al., 2007) . Such effects may mediate translocation of Smo to the primary cilia, and provide tantalising links between lipid based hedgehog regulation and the involvement of cilia in signaling (Rohatgi et al., 2007) .
Conclusion
The last decade has seen a rapid expansion in our understanding of the regulation of vertebrate hedgehog signaling, and in particular the role that intracellular trafficking plays in co-ordinating signaling to ensure correct development of the embryo. Perhaps the most significant discovery in this respect has been the finding that the primary cilium and the transport machinery required for its assembly is essential for correct hedgehog signaling. As more cilia associated mutants are discovered, the complexities of hedgehog regulation within the cilium and the integral role this organelle plays in mediating signaling is beginning to be unravelled. These studies have highlighted the value of co-ordinated approaches to the analysis of cell and developmental biology, and human disease. It will be of great interest to see if a unified model incorporating those different aspects of hedgehog signaling regulated by intracellular trafficking can be assembled in the coming years.
